ABSTRACT
Adeno-associated viruses (AAVs), members of the Dependovirus genus of the subfamily Parvovirinae, family Parvoviridae, have single-stranded DNA genomes that replicate via a double-stranded DNA intermediate which serves as the transcription template. They exhibit a highly compact, overlapping genetic organization which is surprisingly variable amongst various members within the group. Additionally, recent work has shown them to be excellent models for understanding potential interactions between alternative splicing and alternative polyadenylation, the export of unspliced RNAs, and transactivating proteins that influence RNA processing cotranscriptionally via interaction with the transcription template.
INTRODUCTION AND GENERAL CONSIDERATIONS
The parvoviruses are a group of small nonenveloped T=1 icosahedral viruses approximately 18-26 nm in diameter (1, 2) . They are unique among all known viruses in that they contain single-stranded linear DNA genomes (1) (2) (3) . Members of the family Parvoviridae that infect vertebrate hosts are grouped within the subfamily Parvovirinae, which is divided further into five genera: Parvovirus, Dependovirus, Erythrovirus, Amdovirus, and Bocavirus (4) . The adeno-associated viruses (AAVs) are members of the Dependovirus genus, and so named because its members replicate efficiently only in the presence of helper DNA viruses such as adenoviruses (Ad) or herpesviruses (HSV). Parvovirus genomes vary between 4-6 kb of single-stranded DNA and their termini contain palindromic sequences (3, 5) . For members of the Dependoviruses, and the Erythrovirus human parvovirus B19, the two terminal hairpin sequences are identical, while for others they are different, however, in all cases, they can form hairpin structures that comprise the viral origins of replication (3, 5) . Subtle differences in their replication mechanisms result in the packaging of either predominately negative sense DNA strands for members of the Parvoviruses and Amdovirus genera, or both positive and negative strands (in different capsids), at either equal levels for members of the Dependovirus and Erythrovirus genera, or intermediate levels for members of the Bocaviruses genera (1, 3, 5) .
AAVs have been isolated from multiple species including humans and other primates (6) (7) (8) (9) (10) , birds (11), bovine (12) , sheep (13) , snake (14) and rodent (15) . As described more fully below, they all use three promoters to generate the spectrum of transcripts needed to encode the viral proteins required for infection, and they all feature a single intron with a single donor and two acceptors in the center of their genome. All AAVs encode at least two nonstructural Rep proteins, and three capsid proteins from open reading frames (ORFs) in the left-and right-hand halves of genome, respectively. The early characterization of the transcription profile of AAV2 has appeared in numerous reviews (16) (17) (18) . In this manuscript we review more recent results that include analyses of various AAV serotypes.
Survey of the transcriptional profiles of primate AAV serotypes 1-6, and other animal AAVs has shown that they fall into three main groups. The first group, for which AAV2 can be taken as the prototype, includes AAV1, AAV2, AAV3, AAV4, and AAV6. These viruses all possess similar large introns (approximately 320 nts) which feature non-consensus donor and acceptor sites (Figures 1&2) . Their RNAs are all are polyadenylated exclusively at a site at the right hand end of the genome (Figure 1 ). Interestingly, as discussed further below, the large Rep proteins of these viruses also participate in viral RNA processing, but to different degrees amongst the various serotypes. Although they are all dependent upon larger DNA viruses for replication, the different serotypes in this group also shows a variable dependence on their helper viruses for expression. AAV2, AAV3 and AAV4 are very dependent on both helper virus and Rep for proper RNA processing and high levels of transcription initiation, while AAV1 and AAV6 generate relatively lower levels of spliced RNA products and are significantly less responsive to Ad5 helper functions for enhancement of RNA processing (J. Qiu, D. Farris and D. Pintel, unpublished).
The second main group of AAVs comprises AAV5 and the animal AAVs, Bovine AAV (B-AAV) and Goat AAV (AAV-Go.1), and possibly the rat and mouse AAVs (15) . They utilize a significantly different expression strategy: RNAs generated from the two viral upstream promoters utilize an internal polyadenylation site within the central viral intron, while RNAs generated by the promoter-proximal capsid gene promoter read through this site and are polyadenylated at the site at the 3' end of the genome and subsequently spliced ( Figure 3 ) (19) (20) (21) . Plasmid clones of these viruses express constitutively higher levels of spliced capsid-encoding RNAs and so are less dependent on helper virus gene products or Rep for their expression than the AAV2-like subgroup (22) (23) (24) (25) (26) .
The avian AAV (A-AAV) falls into the third group. Its expression pattern seems to be a hybrid of AAV2 and the AAV5 strategies. A-AAV utilizes an internal polyadenylation site within the central intron, however, at a relative low efficiency (20) . Approximately 50% of A-AAV RNAs generated by its upstream promoters are polyadenylated at the internal site, and those that read through accumulate as both spliced and unspliced species (20) .
Portions of the genomes of AAV7, AAV8, AAV11 and AAV12 have been isolated from monkey tissue (10, 27) , and mouse and rat AAVs (15) have also been isolated from rodent tissues, however, these have not yet been characterized as infectious virus. The introns of AAV7 and AAV8 are similar to the AAVs of the AAV2 subtype and so it is likely that their RNA profiles will be similar to that group. The murine-AAV and rat-AAV introns are more similar to the AAV5 and animal AAV subgroup, and so their RNA profiles may resemble that group.
AAV RNA processing is an excellent model to study alternative RNA processing of complex overlapping transcription units in a small but complete biological system. These investigations have provided insight into the basic relationship between splicing and polyadenylation, and into the co-transcriptional nature of these processes. Thus far, the only parvovirus protein that has been shown to participate in its efficient RNA processing is the AAV2 Rep78/68 protein. Whether its role is direct, or facilitates the function of Ad gene products in this regard is not known, and will be discussed further below.
Although the characterization of parvovirus alternative splicing and polyadenylation has been extensive, very little is known about the export of AAV RNAs. Interestingly, two critical Rep proteins of AAV2 (Rep78 and Rep52), and the Rep proteins of AAV5 are generated from completely unspliced RNAs. How these RNAs, which are not processed by the splicesome, are exported to the cytoplasm at high efficiency is currently unclear.
AAV2-Like ADENO-ASSOCIATED VIRUES

General transcription organization of AAV2
The transcriptional organization of AAV2 has been previously reviewed (17, 18) . The AAV2 genome has three promoters identified by their map positions of P5, P19, and P40 (28,29) (see Figure 1) . All of the AAV2 transcripts contain a single intron, which uses a 5' splice donor at nt 1906, and one of either two splice acceptors at nt 2201 (A1) or nt 2228 (A2) (see (17) ). Unspliced P5- Figure 1 . Transcription map of the AAV2. The AAV2 genome of 4,679-nt is depicted at the bottom of the figure. The inverted terminal repeats (ITR) are shown. All the transcription landmarks, the P5, P19 and the P40 promoter, the donor (D) and two acceptor sites (A1 and A2) of the central intron are shown with designations of their respective nucleotide numbers, which are referred to the prototype AAV2 sequence (Genebank accession number: AF043303). All the transcripts from the three AAV promoters are shown with their designations at the right, and the proteins that they encode are shown with designations at the left. m represents minor transcripts spliced from A1 acceptor, while M represents the major transcripts spliced from the A2 acceptor. (Figure 1) , however, the importance of this variation is not clear. Spliced P40-generated RNAs utilizing the A1 acceptor encode the VP1 capsid protein, while spliced RNAs utilizing the A2 acceptor encode VP2 and VP3 (32) . The relative usage of A1 and A2, which thus determines the relative level of VP1 vs VP2/ VP3, is precisely regulated at a ratio of 1:10 at late times following infection, presumably by the relative efficiency of the two 3' splice sites. Unspliced P40 mRNAs exit to the cytoplasm, however, they express very little capsid proteins, even though they contain the entire VP1 open reading frame (33) . This may be because there are a number of short ORFs within 5' UTR of the unspliced P40 transcripts that are available (17) . Recombinant AAV vectors have been shown to express transcripts generated from the AAV2 ITR (34) (35) (36) , and a similar set of ITR-initiated transcripts have been detected at low levels during AAV2 infection (R. Nayak, G. Tullis, and D. Pintel, unpublished). The biological function of these ITR-initiated transcripts remains undetermined.
As mentioned, AAV2 gene expression is tightly controlled by both the AAV-encoded Rep proteins (26) and co-infecting helper virus (see (17) ).
Similar to the autonomous parvovirus minute virus of mice (MVM), there is a temporal order to the appearance of AAV2 RNAs during infection (24, 32, 37) . Unspliced P5-generated transcripts are detectable prior to the significant accumulation of other AAV2 RNAs.
Ultimately, P19-generated RNAs accumulate to levels greater than those generated from P5, and at late times post-infection, P40-generated transcripts come to predominate in the total RNA pool. In addition, the percentage of each class of AAV2 RNA that is spliced increases during infection (24) . The degree of this increase is different for the P5 and P19 RNA compared to those generated by P40. At late times post infection, 90% of P40 RNAs, but only 50% of RNA generated by P19, and less than 10% of RNAs generated by P5, are spliced (24) . Thus, surprisingly, the same AAV2 intron is excised to different final levels from these different RNA species. It has also been observed that the ratio of splicing to A2 relative to A1 increases as AAV2 infection progresses, however, as noted above, the functional relevance of this is not clear (24) . All AAV2 RNAs have been shown to be quite stable during infection (24).
AAV2 RNA splicing
Pre-mRNA splicing is a critical determinant for productive AAV infection. The ratio of the viral capsid proteins, as well as the ratio of Rep 78 and Rep 52, versus Rep 68 and Rep 40 proteins depends upon the level of splicing of the various AAV RNAs (17, 18) . Splicing of AAV2 pre-mRNAs requires the participation of both the helper virus (e.g. adenovirus (22) (23) (24) (25) or herpes virus (24, 38, 39) ), and the large Rep proteins (26) . As mentioned above, the majority of P40-generated RNAs are spliced in the presence of adenovirus, however the steady-state ratios of spliced to unspliced RNAs generated by the P5 and P19 promoters are much less.
Helper virus function in AAV2 RNA splicing
Co-infection of cells with AAV2 and either adenovirus or herpes virus stimulates the splicing of AAV2 RNA, but this is manifest only in the presence of Rep (26) .
In the absence of either helper virus or Rep, splicing of both P40 and P19-generated transcripts produced following plasmid transfection is very poor (24, 40) .
Adenovirus clearly has multiple roles in supporting AAV2 infection (22, 40, 41) . Five adenovirus gene products (E1A, E1B, E2a, E4orf6 and VA RNA) have been shown to be required for productive AAV2 replication and recombinant virus production (42) (43) (44) (45) (46) (47) . 293 cells, which express the adenovirus E1A and E1B genes, provide the necessary helper environment for AAV2 replication when transfected with a plasmid that expresses the adenovirus gene products E2a, E4 and VA (e.g. pXX6) (40, 48) . The splicing of AAV2 RNAs in 293 cells following transfection of either an infectious viral clone, or a non-replicating, ITR-minus AAV2 RepCap plasmid, is stimulated by by pXX6 as effectively as adenovirus coinfection (J. Qiu and D. Pintel, unpublished); however, expression of either E2a, E4, or VA genes individually is not adequate (J. Qiu and D. Pintel, unpublished). This suggests that Ad gene products stimulate splicing of AAV RNA independent of their effect on replication, however, how these adenovirus gene products function, in conjunction with Rep, to enhance AAV RNA splicing is not clear. Additionally, the herpes virus UL5, UL8, UL52 and UL29 gene products can fully support AAV2 replication (49). That successful recombinant AAV production can be achieved using those herpes gene products suggests that they can, along with Rep, also efficiently enhance splicing of the P40-generated RNA. However, a direct role for these gene products in enhancement of AAV2 RNA splicing has not yet been shown. Comparison of the role of adenovirus and herpes virus gene products in AAV2 RNA splicing should reveal interesting insights into this aspect of their helper function.
The role of the large Rep proteins in AAV2 RNA splicing
In the presence of helper virus gene products, the AAV2 large Rep proteins (Rep 78/68) can act to increase the ratio of spliced to unspliced AAV RNA when they are targeted to the transcription template via a Rep binding element (RBE) (26) . An extended RBE, rather than merely the core RBE, provided either by the P5 promoter or the viral ITR is both necessary and sufficient to target Rep in a manner which sustains full enhancement of the splicing of P40-generated RNA; if the transcription template lacks an extended RBE, neither Ad5 nor Rep have significant detectable effects on AAV2 RNA splicing (26) . Why an extended RBE is required is not known. It has so far not been possible to separate Rep enhancement of splicing from Rep activation of transcription initiation (26) . In addition, the required extended RBE is both location and orientation independent, similar to the classically defined transcription enhancer-factor binding sites, which suggested that Rep might be acting co-transcriptionally to affect RNA processing (26) . Although the Rep effect on AAV2 RNA processing appears to be linked to its transcriptional transactivation activity, transactivation of transcription initiation is not sufficient for enhancement of RNA processing (26) . Activation of the P40 transcription unit by other activators targeted to transcription template (such as Gal4-VP16, and MVM NS1) does not enhance AAV2 RNA splicing, although transcription of the P40 promoter can be strongly transactivated by these proteins. These results suggest a model in which Rep may act as a trans-regulator of RNA processing by specifically modulating such functions coupled to RNA polymerase II (RNA pol II) transcription (50).
The size of the AAV 5' exon is inversely correlated with splicing enhancement by Rep
As mentioned above, the ratios of unspliced to spliced P5-and P19-generated RNAs is significantly less than for RNAs generated by P40. Similarly, Rep enhancement of the relative levels of spliced RNA decreases as the distance between the promoter and the intron of the affected transcription unit increases (26) . This is consistent with a co-transcriptional model of enhancement of RNA processing by Rep, and may explain why the same AAV2 intron is excised to a much greater extent from the proximal P40-generated transcripts than from upstream P5 and P19 transcripts (26).
It is not yet clear how Rep and adenovirus effect AAV RNA processing, indeed, it is not yet clear whether the combined effect of adenovirus and Rep is directly on splicing or other RNA processing mechanisms that ultimately determine the steady-state levels of spliced AAV RNA. Together these factors may alter the composition of the elongating RNA polymerase II complex by altering levels or types of RNA processing factors associated with the RNA polymerase II carboxyl terminal domain (CTD). Alternatively, a direct interaction of Rep with cellular splicing factors could be possible. The recent demonstration that Rep co-localizes in replication centers with helper adenovirus or HSV single-strand DNA binding proteins (ssDBP and ICP8, respectively) following cotransfection (51), suggests it is also possible that Rep functions to enhance AAV2 RNA splicing by targeting AAV2 to these replication centers, which normally are highly active for splicing (52-54).
As described above, the ratio of spliced to unspliced P5-and P19-generated RNAs increases over the course of infection. While the reason for this is not clear, conceivably, this could be due to an increase in Rep production, or perhaps, differences in viral localization as infection proceeds.
Splicing enhancement by Rep, in the presence of adenovirus, is maximal in conjunction with the AAV2 transcription unit
Both the relative constitutive levels of spliced RNA and the ability of Rep, when targeted to the transcription template, to enhance the ratio of spliced to unspliced AAV RNA can vary depending upon the promoter used to generate that RNA. For instance, when the AAV2 promoter is replaced by the HIV LTR (which contains a Rep binding site (55, 56) ), it generates an approximately equal ratio of spliced to unspliced RNA in the absence of Rep, and the addition of Rep via cotransfection enhances the level of spliced RNA only threefold, compared to the six-to sevenfold enhancement seen when the capsid gene transcription unit is driven by AAV2 P5 or P40 promoters. When driven by the CMV IE promoter, the ratio of spliced to unspliced RNA from the AAV2 capsid-coding region in the absence of Rep is lower than seen for RNAs generated from either AAV P5, AAV P40 (containing either the P5 or ITR as Rep-binding element), or the HIV LTR. Furthermore, targeting of Rep to the CMV-driven AAV transcription unit only enhances the ratio of spliced to unspliced AAV2 RNA twofold. That the basal ratios of spliced to unspliced AAV RNA differs depending on the promoter used to drive their expression may have been expected from results obtained in other systems (57) ; however, in addition, the ability of Rep to enhance the levels of the final spliced product is also promoter specific (26) .
Both the AAV intron and the extended polyadenylation site are required to retain full responsiveness to splicing enhancement by Rep. The most efficient enhancement by Rep occurrs when an extended sequence including AAV sequences upstream of the canonical polyadenylation site (nt 3941 to 4492) are included in the transcription unit. The core AAV polyadenylation sequence (nt 4326 to 4492), either adjacent to or at various distances downstream of the intron, is unable to sustain Rep responsiveness. These results demonstrate that the effect of the Rep protein in influencing the ratio of spliced to unspliced RNA is not universal and that it is most effective when targeted to an AAV2 transcription unit containing the AAV2 intron paired to its natural extended polyadenylation site and, for maximum effect, driven by the AAV2 P5 or P40 promoters. Why these cis-acting signals respond best to Rep enhancement will likely shed important light on the mechanism its action.
RNA splicing of other AAV2-like serotypes of AAV
AAVs 1, 2, 3, 4, and 6 share substantial homology within their intron regions, and exhibit identical donor sites and highly similar acceptor sites (see Figure 2) . Splicing of AAV3 and AAV4 is basically similar to that of AAV2 with respect to its efficiency and dependence on helper virus and Rep, however, the splicing of AAV1 and AAV6 appears to be less dependent on helper virus (J. Qiu, D. Farris and D. Pintel, unpublished). Most of the P41-generated transcripts generated by AAV1 and AAV6 RepCap plasmids following transfection of 293 cells remain unspliced even in the presence of Ad5. Lower levels of splicing of P40-generated products are also seen during AAV1 and AAV6 viral infection. The levels of splicing seem to be governed by intron sequences. The AAV2 intron, when placed in an AAV1 background, splices at high efficiency, while the AAV1 intron still splices poorly when inserted into AAV2 (J. Qiu, D. Farris and D. Pintel, unpublished). These results suggest that it may be possible to identify cis-acting sequences within the AAV2 intron that confer splicing responsiveness to adenovirus and Rep.
Export of AAV2 RNA
An unusual feature of AAV2 gene expression is that unspliced RNAs from the P5, P19 and P40 promoters accumulate in the cytoplasm at high levels. The P5-and P19-generated unspliced RNAs are translated to generate the non-structural proteins, Rep 78 and Rep 52, respectively. Typically, unspliced cellular and viral RNAs remain in the nucleus (58) . Their export usually requires a regulated pathway including a specific cis-acting export signal, such as the CTE of the HIV rev RNA (59) . The export and translation of unspliced P5 and P19 generated RNAs may compensate for the poor splicing of P5-and P19-generated RNAs, impaired due to their distance from the intron (see above).
During adenovirus infection the adenovirus E1B55K-E4orf6 complex both inhibits the export of cellular mRNAs, and is required for efficient cytoplasmic accumulation of adenovirus mRNAs (60) (61) (62) (63) (64) . The E1B55K-E4orf6 complex has also been suggested to be necessary for the timely cytoplasmic accumulation of AAV RNAs during adenovirus co-infection (44) . These experiments were performed using adenovirus mutants that individually did not generate either the E1B 55K or E4orf6 proteins. Because of recent experiments highlighting the critical importance of these proteins in multiple steps during the replication and expression of AAV2, their role in export of AAV2 RNA likely needs to be re-evaluated. Following transfection of an infectious clone of AAV2 into 293 cells in the absence of Ad5, unspliced AAV2 RNAs can be efficiently exported to the cytoplasm (24), suggesting that their export can be achieved in the absence of additional adenovirus gene products.
Whether the export of unspliced AAV2 RNAs requires a particular cis-acting signal that directs it through a regulated export pathway, or, alternatively, whether these RNAs are exported via the default cellular mRNA export pathway will be important to determine.
AAV5-LIKE ADENO-ASSOCIATED VIRUSES
Transcription profile of AAV5
The basic transcription profile of AAV5 has similarities to that of AAV2, but there are also striking differences (see Figure 3) . The main difference between the AAV5 and AAV2 transcription maps is that RNAs generated by the AAV5 P7 and P19 promoters predominately polyadenylate at a site ((pA)p, at nt 2194) within the intronic region of the genome (19) (nucleotide numbers refer to GenBank accession number: NC_006152). Inspection of the intron region of AAV5 shows the presence of two relatively consensus AAUAAA signals at nt 2177 and 2191, which are immediately upstream of the first intron acceptor A1 at nt 2205. RNA cleavage and polyadenylation occur 11 to 14 nt downstream of the first AAUAAA motif, within the second AAUAAA (19) . P41 RNAs utilize the (pA)p site with significantly reduced efficiency (65) . Two unspliced P41-driven species are detected, a minor one polyadenylated at (pA)p and the major one polyadenylated at the distal site (pA)d at nt 4434. P41-generated RNAs polyadenylated at (pA)d are also spliced, using the A1 or A2 acceptor at a relative ratio of approximately 1:10, which generate VP1 and VP2/VP3, respectively. The function of the unspliced P41-generated RNAs is unknown. A consequence of the internal polyadenylation of the P7-and P19-generated RNAs is that only two Rep proteins, Rep78 and Rep52, are generated during infection.
Another significant difference between the AAV5 and AAV2 transcription maps is that in 293 cells, AAV5 generates an abundant transcript from its ITR (19) . This ITR-generated RNA, which extends to the right-hand end of the genome, uses an initiation site that maps to the AAV5 ITR terminal resolution site (TRS), which in AAV5 is similar to a consensus transcription initiator sequence ( (66) . Although this 4.3-kb RNA is polyadenylated at the distal (pA)d site, it does not appear to be spliced (J. Qiu and D. Pintel, unpublished). Different accumulated levels of this ITR-generated transcript were observed under different experimental conditions, but at its most abundant, it is found to be nearly as prevalent as the P7-generated transcript (19) , making it significantly more abundant that the ITR-generated product previously identified for AAV2 (36) . Whether this RNA encodes a protein product, and what role it may play during viral infection, is currently unknown.
5'Y-Y-A-N-T/A-Y-Y-Y3' (where Y is C/T and N is any nucleotide))
Splicing of AAV5 RNA
The AAV5 intron, which is 240 nts, is somewhat smaller than the 322 nts AAV2 intron. It has a nonconsensus 5' splice site (AAG/GTATGA) at nt 1990, and two 3' acceptor sites, A1 and A2, at nt 2204 and 2231, respectively, (please see Figure 3 ) (19) . The polypyrimidine tract in the acceptor region is pyrimidinerich, and splicing of the AAV5 intron is constitutively high even in the absence of adenovirus (19) . Interestingly, splicing at the A1 site is dependent on the A2 site; mutation of the A2 AG motif also debilitates splicing to A1 for reasons that are not yet clear (J. Qiu, C. Ye, and D. Pintel, unpublished). This is not the case for AAV2, for which splicing to A1 is independent of splicing to A2 (J. Qiu, C. Ye, and D. Pintel, unpublished).
In contrast to AAV2, neither the Rep protein nor additional adenovirus gene products are required to achieve efficient AAV5 promoter activity and pre-mRNA splicing following transfection of a RepCap plasmid clone lacking ITRs into E1A-and E1B-containing 293 cells (19) . The basal levels of expression and splicing of AAV5 P41-generated RNA under these conditions are high, and are not further stimulated by Ad5 infection (67) . Therefore, the expression of AAV5 is considerably less dependent on helper virus than is that of AAV2. Although the requirement that the AAV5 life cycle has for Ad5 may be more limited, helper virus is still required for AAV5 replication following either infection of AAV5 or transfection of the AAV5 infectious clone (19) . The independence of AAV5 splicing is not due merely to the smaller size of its intron, but rather to the nature of the cissequences within the context of the intron (65), in a way that has yet to be fully defined.
Polyadenylation of AAV5 RNA
Polyadenylation of AAV5 RNAs at an internal site is a hallmark which differentiates this group from the other AAVs.
Internal polyadenylation
AAV5 RNAs generated from P7 and P19, which encode the large and small Rep proteins, respectively, from the large open reading frame in the 5' half of the genome, utilize (pA)p at high efficiency (Figure 3) (19, 65) . RNAs generated from the P41 promoter, however, which encode the virus capsid proteins from the large open reading frame in the 3' half of the genome, utilize this proximal site with significantly reduced efficiency -these RNAs primarily read through to the distal site (pA)d (65) . Interestingly, RNAs generated from the ITR initiator are mostly unspliced, read through the (pA)p site, and ultimately are polyadenylated at the (pA)d site. The AAUAAA motif at nt 2177, which is immediately upstream of the first intron acceptor A1 at nt 2204 (65) , is used for internal polyadenylation. RNA cleavage and polyadenylation occurs 11 to 14 nts downstream of this signal (19) . AAV2 also contains a consensus AAUAAA polyadenylation signal in this region ( Figure 2) ; however, its use can only be detected by enhanced PCR techniques (G. Tullis and D. Pintel, unpublished).
Polyadenylation of P41-generated RNAs at (pA)p is significantly increased when they are generated from a replication-competent molecule such as viral infection or an infectious clone, compared to a non-replicating template (19, 65) . This is not merely due to the presence of the ITRs in cis, because ITR-containing templates that cannot replicate due to Rep mutation do not show this increase. Whether the replication process itself is able to alter polyadenylation efficiency of AAV5 P41-generated RNAs is currently unclear. Perhaps replication-associated changes to the AAV5 transcription template affect downstream RNA processing events, as has been suggested in other systems (68).
cis-Determinants of AAV5 RNA internal polyadenylation
Sequences within the AAV5 intron are both necessary and sufficient to direct cleavage and polyadenylation of P7 or P19-generated transcripts. Efficient polyadenylation at (pA)p of all AAV5 RNAs requires a U-rich downstream element (DSE, UUUUGUU) that overlaps with the A2 3' splice acceptor site (Figure 4 ) (65) . In addition, efficient polyadenylation of P7-driven transcripts at (pA)p involves an upstream element (USE) that lies prior to the initiation of the P41 transcripts (between nts 1266-1637) (65) . Because the USE lies upstream of the start of the P41-generated RNAs, these RNAs are not subject to the additional level of control this element imposes on P7 or P19-driven RNAs. The USE is not required if the DSE is intact; however, it can at least partially compensate for the loss of DSE function (65) . Although the relationship between these two elements is not yet fully clear, the USE, which is lacking in P41-generated RNAs, likely functions to ensure that the AAV5 P7-and P19-generated RNAs are polyadenylated at (pA)p at high efficiency.
As mentioned above, the AAV5 DSE-containing A2 3' acceptor region plays a dual role in both polyadenylation and splicing, and there is clearly a complex regulation between these two processes. The DSE overlaps, but is not congruent with, the 3' splice site of the AAV5 intron (Figure 4) . The relative strengths of these two signals must allow both for polyadenylation of the upstream promoter-generated RNAs that generate the essential Rep proteins and for efficient splicing to generate the correct ratio of spliced P41-generated RNAs to produce the individual capsid proteins at the appropriate stoichiometry. The relative efficiency of these processes is controlled to a significant degree by the strength of the cis-acting signals governing them, and they likely have evolved to program the optimal amounts of viral gene products required for the AAV5 life cycle (65) . Interestingly, when the (pA)p region of AAV5 is replaced with the internal AAUAAA signal of AAV2, which is normally cryptic in AAV2, or when the internal region of the AAV2 intron is inserted into AAV5 and linked to the AAV5 DSE-containing A2 3' splice site, polyadenylation at the AAV2 AAUAAA site becomes highly efficient (J. Qiu and D. Pintel, unpublished). This suggests that at least one element that differentiates the use of this site between the two viruses is the presence of the DSE in AAV5. As described more fully below, the DSE region of the avian AAV (A-AAV) (pA)p, which is used inefficiently, is much less consensus than that of the AAV5 (Figure 7 ). This observation also highlights the importance of this DSE for (pA)p usage.
4.3.3.
Regulation of AAV5 RNA internal polyadenylation Polyadenylation at (pA)p increases as the distance between the RNA initiation site and the intron and (pA)p site is increased (69). The steady-state level of RNAs polyadenylated at (pA)p is independent of the promoter used or of the intervening sequence but is dependent upon competition with splicing, and the intrinsic efficiency of the cleavage/polyadenylation reaction (69) . Each of these determinants shows a marked dependence on the distance between the RNA initiation site and the intron and (pA)p.
Apparently, the processing of AAV5 RNA is governed by competition between splicing and alternative polyadenylation for the available pools of AAV5 premRNA (65) . Inhibition of internal polyadenylation of AAV5 RNA at (pA)p, required for read-though and eventual splicing of the P41-generated capsid-encoding RNAs, is accomplished by the U1 snRNP binding to the intervening donor in a manner inversely related to the distance between the RNA initiation site and the intron and (pA)p (70) . Mutation of the donor in splicing-deficient substrates reduces inhibition of polyladenylation at p(Ap), and introduction of a U1 snRNA gene engineered to rebind the mutant site re-establishes this inhibition (69) . The importance of U1 snRNP is also supported by experiments in which introduction of a U-rich stretch, predicted to target TIA-1 and thus increase the affinity of U1 snRNP binding to the intervening donor site, significantly augmented inhibition of (pA)p, while depletion of TIA-1 by siRNA increased (pA)p read-through (70) . This suggested that inhibition of polyadenylation of AAV5 RNA at the (pA)p site was governed by the affinity of U1 binding to the intron donor (70). As mentioned above, this competition plays a critical role in the viral life cycle.
5'-terminal exon definition model
The simplest model to explain how the competition between splicing and alternative polyadenylation in AAV5 is governed is that strong binding of U1 snRNP to the intron donor facilitates both splicing of the intron and inhibition of polyadenylation at (pA)p (portrayed in Figure 5 ). That polyadenylation at (pA)p is inhibited when the promoter is closer to the intron and (pA)p (favoring read-through and subsequent splicing) and that polyadenylation is favored when the promoter is a greater distance away, are consistent with a model in which U1 snRNP binding is stronger when the promoter is close and is weaker when the distance is large. 5'-terminal exon definition typically requires that factors binding at or near the cap site interact with and stabilize the binding of factors (usually U1 snRNP) to the proximal 5' splice site, and this interaction may be more critical when the proximal 5' donor is nonconsensus (71) . The cap structure, via binding to the cap-binding complex (CBC) (72, 73) has been suggested to affect both splicing and polyadenylation (72, 74) . It has been suggested that the nuclear cap-binding complex (CBC) (75, 76) facilitates association of U1 snRNP with the cap-proximal 5' splice site, although this interaction has not previously been shown to be strictly dependent on spacing between the cap and the affected Figure 5 . Model for the distance-dependent processing of AAV5 RNA. (A) This diagram shows the processing fate of the AAV5 P7-and P41-generated RNAs. P7-generated RNAs, which have a large 5' exon, are polyadenylated at high efficiency at the internal (pA)p site, which is designated as ((pA)p (+)); few molecules read through and are ultimately spliced, which are designated as (Spl (-)). The opposite is true for P41-generated RNAs. Potential strength of U1 snRNP interaction at the upstream donor, postulated to govern the outcome of the competition between splicing and polyadenylation, is indicated by the width of the arrow. © designates the cap site at the 5'end of the mRNA. (B) This diagram depicts how U1 snRNP binding at the intron donor may exert its negative effect on polyadenylation at (pA)p. The CBC (cap binding complex), the U1snRNP and the major components that interact with the polyA and 3' splice site are diagramed. The U1-70K protein is required for this effect, although the specific target for this inhibition is not yet known. Also shown is the putative binding of splicing factor U2AF(65+35) at the overlapping 3' splice site. Stabilization of U1 snRNP to the intron 5' splice site, which facilitates splicing and simultaneously inhibition of (pA)p, may occur through interaction with the CBC associated with the 5' cap site as shown and may be more effective in this regard when the RNA is initiated closer to the donor site (which promotes splicing and (pA)p inhibition, i.e., with RNA generated from the P41 promoter) than when the RNA is initiated at a distance (such that inhibition of (pA)p is lost, favoring polyadenylation at the internal site, i.e., with RNA generated from the P7 promoter).
'splice site (71) . For AAV5, artificially tethering the cap binding complex (CBC) components CBP80 and CBP20 upstream of the intron donor can increase inhibition of polyadenylation at (pA)p (70) . The interaction with the CBC seems to strengthen U1 snRNP binding to the downstream AAV5 intron donor in a manner inversely proportional to the size of the 5' exon, thus governing the competition between intron splicing and polyadenylation at (pA)p (70) . It is likely that CBC interaction facilitates association of U1 snRNP with the less-than-fully consensus AAV5 pre-mRNA donor site when the cap site is very close (78 nt for the capsid gene promoter P41 (Figure 3) ) but less so at a distance (1,668 and 1,088 nt for the large and small Rep gene promoters, respectively). Therefore, the interactions, directly or indirectly, between components of the CBC and U1 snRNP likely mediate the distance related donor inhibition seen for AAV5 due to the strengthening of the association of U1 snRNP to the non-consensus donor site, which would lead to the enhancement of U1's inhibitory activity and govern the competition between intron splicing and polyadenylation at (pA)p ( Figure 5 ). Inhibition by U1 snRNP is mediated by the U1-70K protein binding to loop I on U1 RNA (70) . Mutations in the stemloop I of the U1 RNA that bind the U1-70K protein, but not in the stem-loop II that binds U1-A, are able to abolish inhibition of polyadenylation of AAV5 pre-mRNAs at (pA)p by U1 snRNP (70) . In addition, overexpression of the U1-70K decreases polyadenylation of AAV5 RNA at (pA)p generated following transfection of an AAV5 reporter plasmid in which the distance between the promoter and the intron (with the internal (pA) site) is sufficiently large that polyadenylation of P7-generated transcripts at (pA)p is highly efficient (70) .
It is still unknown which part of the cellular polyadenylation complex interacts with the U1-70K protein. U1-70K has been reported to be one of the three U1 specific proteins that binds to a cryptic donor site in front of the distal poly(A) of bovine papillomavirus (BPV), and there it interacts with the poly(A) polymerase, thus controlling processing of BPV late gene RNAs (77, 78) . However, the situation with AAV5 is likely different. For AAV5, U1 snRNP binds to a functional 5' splice site within the AAV5 intron, thus the U1-70K protein is also involved in normal splicesome assembly. Additionally, unlike previously characterized systems (71, 79) , inhibition of (pA)p by U1 snRNP binding to the intron donor is decreased as the distance between the donor and (pA)p is increased. This suggests that the interaction may also be influenced by steric effects, and thus, may be more complicated than seen in other systems.
The 5' exon definition model, proposed to regulate the competition between splicing and polyadenylation for AAV5 RNA, is also consistent with the distance-related splicing of AAV2 RNA. In that case, the AAV2 Rep protein enhances splicing of proximal P40-generated transcripts to a much greater degree than it enhances splicing of RNAs generated far upstream from P5. It may be that for AAV2, the Rep protein, in the presence of adenovirus, facilitates the stabilization of U1 snRNP to the AAV2 donor site when the RNA initiation site is close to the intron. A potential mechanism that explains the distance related processing of AAV RNA, using the AAV5 system as a model, is depicted in Figure 5. 
Bovine adeno-associated virus (B-AAV) and Goat adeno-associated virus (AAV-Go.1)
The B-AAV genome is 4,693 nt in length and includes identical ITRs of 173 nt. The Rep protein ORF and the ITRs of B-AAV have high homology to the Rep ORF and ITRs of AAV5 (89 and 96%, respectively) (80) . The capsid ORF of B-AAV is most homologous to the capsid ORF of the AAV4 (76%). Goat AAV (AAV-Go.1) was cloned from goat-derived adenovirus preparations (81) . Its genome shares 95.2% identity with that of AAV5 and it has identical ITRs (21,82). The Rep ORF shares 99.3% identity with AAV5. However, the C-terminal region of the AAV-Go.1 capsid varies considerably from that of AAV5 (82) . A sequence alignment of regions of the donor and acceptor sites of the AAV5, AAV-Go.1 and B-AAV are shown in Figure 4 .
In general, the expression profiles of B-AAV and AAV-Go.1 are quite similar to that of AAV5 (19) . Like AAV5, B-AAV and AAV-Go.1 utilize an internal polyadenylation site ((pA)p) in the central viral intron efficiently. Similar to AAV5, >99% of B-AAV and AAVGo.1 RNAs generated from upstream promoters P7 or P19 are polyadenylated at (pA)p and hence not spliced, and therefore, like AAV5, Rep78 and Rep52 are the upstream products primarily expressed (21). Also similar to AAV5, RNAs transcribed from the B-AAV and AAV-Go.1 capsid P41 promoter primarily read through (pA)p and are ultimately spliced (21). The animal derived AAVs thus seem to share with AAV5 the common feature that an internal polyadenylation site is alternatively utilized in their pre-mRNA processing. There are differences in the level of transcripts generated from the ITRs of these three AAV-5 like viruses. B-AAV produces more ITR-initiated RNA in bovine cells, yet AAV-Go.1 generates little ITR-initiated transcripts in primary goat kidney cells, an observation perhaps not unrelated to differences in cell type. Similar to AAV5, all the transcripts initiated from the ITR of B-AAV readthrough the internal (pA)p site and are all polyadenylated distally at (pA)d. It is unknown whether RNAs initiated from the B-AAV ITR is spliced or not in the central intron.
In addition, like AAV2, transactivation of transcription of the capsid-gene promoter of B-AAV requires both adenovirus and targeting of their Rep proteins to the transcription template. In contrast to AAV2, however, splicing of the B-AAV P41-generated RNAs is constitutively strong. As seen in Figure 4 , the B-AAV donor, acceptor, and branch point, are more consensus than seen for AAV2, supporting the hypothesis that regulation of AAV2 splicing by its Rep protein depends on its weak intron.
AVIAN-ADENO-ASSOCIATED VIRUS (A-AAV)
Avian AAV (A-AAV) was first isolated from the Olson strain of quail bronchitis adenovirus (11). The genome of A-AAV has a genome of 4,694 nucleotides (nt) in length with inverted repeats of 142 nt and has organization similar to that of other AAVs (83) . The entire genome of A-AAV displays 56-65% identity at the nucleotide level with the other known AAVs (83), however, the ORF encoding the Rep proteins of A-AAV displays only approximately 50% identity with that of other AAVs.
The intron of A-AAV is larger than that of AAV2. It is 453 nts in length, with a 5' splice site at nt 1824, 3' splice acceptor sites are at nt 2247 (A1) and 2277 (A2), and an internal polyadenylation site p(Ap) (nucleotide numbers refer to GenBank accession number AY186198) ( Figure 6 ). A-AAV RNAs are processed significantly differently than either AAV2 or AAV5. Like AAV5, splicing of A-AAV RNAs shows less dependence in 293 cells on adenovirus. However, in contrast to AAV5, only approximately 50% of the A-AAV RNAs generated from upstream promoters read through (pA)p. A-AAV generates lower levels of spliced P5 and P19 products than does AAV2, suggesting that A-AAV produces low relative levels of Rep 68 and Rep 40. However, expression of the capsid-gene promoter of A-AAV is, like AAV5, largely independent of both adenovirus and its Rep proteins. This suggests that splicing of A-AAV presumably is not regulated by its Rep protein.
Interestingly, although the polypyrimidine region of the A-AAV A2 3' splice site is similar to that of the AAV5, the A-AAV A1 3' splice site is similar to that of AAV2 -only one AAUAAA polyA signal is present, 13 nts in front of the A1 3' cleavage site (20) (Figure 7) . In contrast to AAV2, however, this polyA signal is used efficiently (a relative ratio of approximately 50%). One possibility to explain this difference is that the DSE of the A-AAV (pA)p may be stronger than that accompanying AAV2, yet weaker than that present for AAV5 (Figure 7) . Thus, the DSE signal seems to be a critical element in the determination of the relative usage of the internal polyA signal. In addition, A-AAV also generates low levels of ITR-initiated transcripts following infection of 293 cells. However, all these transcripts are polyadenylated at (pA)p, which is in contrast to RNAs initiated from the ITRs of AAV5 or B-AAV which uses (pA)p (19, 20) . The basis for this difference is currently unknown.
CONCLUDING REMARKS
AAVs, first identified in the 1960s, have been extensively developed as vectors for human gene therapy in recent years.
However, this group of viruses also represents an information dense, tractable system with which to examine eukaryotic RNA processing mechanisms. AAVs are excellent models to understand potential interactions between alternative splicing and alternative polyadenylation, the export of unspliced RNAs, and transactivating proteins that influence RNA processing cotranscriptionally via interaction with the transcription template. Further analysis of AAV RNA processing is sure to shed light on these important cellular processes.
